This letter discusses the effect of nitric oxide on gain and output power of a pulser-sustainer discharge excited oxygen iodine laser. Adding small amounts of NO to the laser mixture ͑a few hundreds of ppm͒ considerably increases gain and output power due to ͑i͒ O atom titration and resultant slower I * atom quenching and ͑ii͒ improved stability of the dc sustainer discharge, which allows stable operation at significantly higher discharge powers. Gain on the 1315 nm iodine atom transition and laser power in the M = 3 transverse laser cavity are 0.049% / cm and 1.24 W, at a flow temperature of T = 100 K.
Increasing small signal gain and output power is one of the main objectives of the development of an electric discharge pumped chemical oxygen-iodine laser ͑DOIL͒.
1- 8 The highest gain and cw laser power reported so far remain rather low, 0.022% / cm ͑Ref. 6͒ and 1.47 W, 7 respectively. In the present letter, we explore the effect of adding nitric oxide to an oxygen-helium flow in a high-pressure pulser-sustainer electric discharge on the DOIL laser performance. Previous experiments [1] [2] [3] suggested that adding NO to the laser mixture may result in gain and laser power increase due to a reduction of reduced electric field E / N in the discharge, and possibly due to titration of O atoms produced in the discharge by a rapid chemical reaction NO + O → NO 2 * → NO 2 + h. 7 O atoms are known to decrease iodine population inversion by rapid quenching of excited iodine atoms, I
* +O→ I+O, k O = 3.5ϫ 10 −12 cm 3 /s.
2
In the present work, we use two overlapping transverse electric discharges in a rectangular geometry. [4] [5] [6] In this approach, ionization is produced by a high voltage, high repetition rate nanosecond pulse discharge, while the dc discharge couples power to the plasma. The main advantages of this discharge are independent control of the dc reduced electric filed E / N and stability at high pressures and power loadings. 9 The experimental apparatus, discussed in detail in Ref. 6 , is shown in Fig. 1 . Briefly, a premixed O 2 /NO/He mixture is flowing through a 5 ϫ 2 cm 2 cross section discharge section. At baseline conditions, P 0 = 107 torr and 15% O 2 in He, the flow rates are 54 mmole/ s of O 2 and 308 mmole/ s of He. Two dc electrodes and two pulsed electrodes are flush mounted in the side walls and in the top/ bottom walls of the channel, respectively, to form a crossed pulser-sustainer discharge. The pulsed electrodes are powered by a high voltage ͑17 kV peak͒, short pulse duration ͑5 ns full width at half maximum͒, and high pulse repetition rate ͑up to 100 kHz͒ FID Technology plasma generator. The dc electrodes are connected to a 5 kV and 4 A dc power supply through a R =1 k⍀ ballast resistor. A mixture of iodine vapor and helium ͑I 2 flow rate up to 70 mole/ s͒ is injected into the flow downstream of the discharge ͑see Fig.  1͒ . The discharge section, which serves as a nozzle plenum, is followed by a M = 3 nozzle and a supersonic cavity with two arms attached to the side walls ͑see Fig. 1͒ . For gain measurements, wedged and antireflection coated glass windows are attached to the end of the arms. For laser power measurements, the windows are replaced with laser mirrors ͑99.99% reflectivity at 1315 nm and curvature radius of 1 m͒, forming a stable resonator. The transverse cavity length is about 40 cm with a gain path of 5 cm. Small signal gain at 1315 nm in the cavity is measured by tunable diode laser absorption spectroscopy using a PSI iodine scan probe. 10 In the absence of excited iodine atoms I * the sensor measures absorption by the ground state I atoms. Positive gain is measured when population inversion is achieved in the flow ͑ n I * Ͼ 1 2 n I ͒ . The laser output power is detected using an infrared card and is measured by a Scientech power meter. Figure 2 shows peak absorption and gain signals measured during each run at baseline flow conditions, with up to 0.6 mmole/ s of NO added to the flow. Gain is the positive part and absorption is the negative part of the vertical axis. In Fig. 2 , I 2 flow rate is 60 mole/ s, pulse repetition rate is = 34 kHz, dc power supply voltage is U PS = 2.8 kV, and discharge current is I = 1.3-1.4 A. As discussed in Ref. 6 , when the pulser alone is operating, O atoms are produced by electron impact dissociation of O 2 during high voltage pulses, while no significant singlet delta oxygen is produced. At these conditions, absorption is observed on the Fig. 2͒ . As can be seen from Fig. 2 , without NO in the flow gain exceeds absorption by about a factor of 2. From Fig. 2 , it can be seen that adding small amounts of NO to the flow ͑up to 0.15 mmole/ s͒ considerably reduces absorption ͑due to O atom titration and less iodine dissociation͒ and increases gain ͑due to removal of a major I * quenching channel, I
* +O→ I+O͒. Clearly, at these conditions the negative effect of I * quenching outweighs the positive O atom contribution to I atom production. Although further increase of the NO flow rate up to 0.6 mmole/ s reduces absorption to complete transparency ͑when all O atoms are removed͒, it also results in gain reduction nearly to baseline level ͑see Fig. 2͒ . This suggests that either ͑i͒ iodine dissociation via collisions with O 2 ͑a 1 ⌬͒ alone is ineffective, or ͑ii͒ at these conditions NO starts contributing to excited iodine atom quenching, I
* +NO→ I + NO, k NO = 1.2 ϫ 10 −13 cm 3 /s. 2 From Fig. 2 , it can be seen that an optimum NO flow rate is about 0.15 mmole/ s ͑NO mole fraction in the mixture of approximately 400 ppm͒. Figure 3 shows time-averaged dc sustainer discharge current, discharge voltage U = U PS − IR, and power at the conditions of Fig. 2 . It can be seen that adding NO somewhat increases the current while reducing the voltage ͑by several percent͒. This behavior is consistent with previous experiments, 1-3 which suggested that the mechanism of gain increase in the presence of NO is due to increase of plasma conductivity, because of its lower ionization potential, and resultant reduction of E / N. Both these trends increase the O 2 ͑a 1 ⌬͒ yield in the discharge. 2, 5 However, note that the effect of NO addition on the discharge parameters is rather modest ͑see Fig. 3͒ and can hardly explain a significant gain rise ͑by up to 50%-100%, see Fig. 2͒ . On the other hand, it was found that adding NO to the discharge is as a major stabilizing factor. It allows considerable increase of the discharge power at which the sustainer current becomes unstable, by about 25%, from about 1.9 kW ͑U PS = 2.8 kV͒ to at least 2.4 kW ͑U PS = 3.1 kV͒ at P 0 = 107 torr. At the highest discharge power, gain increased up to nearly 0.05% / cm. Figure 4 shows time dependent absorption/gain signal measured during a single run at baseline flow conditions, = 34 kHz, U PS = 3.1 kV ͑U = 1.56 kV͒, I = 1.54 A, discharge power of 2.4 kW, NO flow rate of 0.2 mmole/ s ͑NO mole fraction of 550 ppm͒, and somewhat higher I 2 flow rate of 70 mole/ s ͑iodine mole fraction of 190 ppm͒. As in Fig. 2 , in Fig. 4 gain is the positive part and absorption is the negative part of the vertical axis. It can be seen that peak gain reaches 0.049% / cm. Figure 5 shows gain line shape at these conditions, with a Doppler fit indicating translational temperature in the cavity of T = 100± 10 K. Further increase of I 2 flow rate was limited by the iodine delivery system. At these discharge and flow conditions, cw lasing was detected by both the infrared card and the power meter. The laser beam produced a nearly circular spot approximately 2 cm in diameter on the infrared card, placed 10 cm away from one of the laser mirrors. The highest power achieved during these experiments, 1.24 W, exceeds our previous re- sults of 0.28 W by more than a factor of 4. This number represents the combined power of two laser beams coming through two identical output coupler mirrors. Note that the laser power somewhat decreases with time during a run several seconds long, as can be seen from gain measurements of Fig. 4 . On the other hand, the power meter signal actually grows with time due to its long response time ͑5-10 s͒ and peaks near the end of a run, so the power meter measurements represent the lower bound of the output power. Laser power measurements at the steady-state flow conditions would require the use of a supersonic diffuser downstream of the laser cavity, which would increase the run time at the design cavity Mach number, M =3.
The results of the present work demonstrate that adding small amounts of NO to the laser mixture ͑on a few hundreds of ppm level͒ considerably increases gain and output power due to ͑i͒ O atom titration and resultant slower I * quenching and ͑ii͒ improved stability of the dc sustainer discharge, which allows operation at higher discharge powers. The results also suggest that gain may be limited by the relatively low iodine vapor concentration in the flow. We believe that gain may be further increased by iodine vapor dissociation in an auxiliary electric discharge, prior to injection into the main flow. This would reduce the fraction of O 2 ͑a 1 ⌬͒ yield lost to dissociate iodine, nO 2 ͑a 1 ⌬͒ +I 2 →¯→ nO 2 +I+I, where n Ϸ 4 and increases at low I 2 concentrations. 11 Studies of iodine dissociation, as well as increasing gain path and flow residence time in the discharge, i.e., scaling the pulsersustainer discharge volume, are currently underway. 
